Chemotherapy involving the use of cytotoxic antineoplastic agents remains an important strategy in the overall management of patients with malignant tumors. As with most therapeutic agents, drug-metabolizing enzymes and drug transporters play key roles in determining the pharmacokinetics and overall disposition of antineoplastic agents in the body. In addition, metabolism and transport can be important contributors to 1) the toxicity produced by antineoplastic agents in normal host tissues and 2) the delicate balance between drug sensitivity and resistance displayed by target tumor cells.
Chemotherapy involving the use of cytotoxic antineoplastic agents remains an important strategy in the overall management of patients with malignant tumors. As with most therapeutic agents, drug-metabolizing enzymes and drug transporters play key roles in determining the pharmacokinetics and overall disposition of antineoplastic agents in the body. In addition, metabolism and transport can be important contributors to 1) the toxicity produced by antineoplastic agents in normal host tissues and 2) the delicate balance between drug sensitivity and resistance displayed by target tumor cells.
Several features of antineoplastic drugs make the metabolism of these agents particularly significant. Many antineoplastics display steep dose-response curves and low therapeutic indices, and the toxicities that they produce can be severe and life-threatening. Since cancer chemotherapy often involves the use of multiple antineoplastic agents and supportive drugs in combination regimens, drug interactions represent a real clinical concern (Kivisto et al., 1995) . Of particular importance are pharmacokinetic drug interactions that result in clinically significant alterations in host toxicity or therapeutic response. Pharmacokinetic drug interactions in cancer chemotherapy often go unrecognized because toxic reactions to these drugs are common and unpredictable, individual agents may display overlapping toxicities, and drug resistance and therapeutic failure in cancer management is common. Since most pharmacokinetic drug interactions involve drug metabolism and/or transport as a mechanistic basis, it is important to understand two general aspects of the interactions between antineoplastic agents and drug-metabolizing enzymes and drug transporters: 1) the role of human enzymes and transporters in the metabolism and disposition of existing and new antineoplastics; and 2) the mechanisms by which antineoplastics modulate the expression and activity of human enzymes and transporters.
The goal of this symposium was to critically examine current state-of-the-art approaches by which our understanding of antineoplastic drug metabolism and transport can be used to enhance the safety and effectiveness of cancer therapy. With drug-metabolizing enzymes as the central focus of the symposium, five interrelated and complementary themes were developed. 1) Gene-directed enzyme prodrug therapy (GDEPT) is a promising means to promote local intratumoral drug bioactivation (Rooseboom et al., 2004) . 2) The balance between bioactivation and detoxification pathways can be an important determinant of normal tissue toxicity and drug resistance in tumor cells.
3) The modulation of the expression and activity of drug-metabolizing enzymes, especially cytochrome P450 (P450) proteins, by antineoplastic agents is a significant contributor to drug pharmacokinetics and potential for drug interactions. 4) An integrated cytoprotective network between drug conjugation and conjugate transport can contribute to tumor drug resistance. 5) Genetic polymorphisms in drug-metabolizing enzymes and drug transporters impact antineoplastic drug pharmacokinetics and pharmacodynamics in clinically significant ways (Petros and Evans, 2004) . These and other aspects of antineoplastic drug metabolism were explored in this symposium.
Interactions of Anthracyclines with Drug-Metabolizing Enzymes (D.S.R., C.L., S.R.)
The anthracycline antibiotic doxorubicin is one of the most useful antineoplastic agents, displaying a broad range of clinical activity against several solid and hematological malignancies. Several mechanisms contribute to doxorubicin's cytotoxic effects: 1) initiation of DNA damage via inhibition of topoisomerase II, 2) DNA intercalation, 3) direct membrane effects, and 4) redox cycling leading to the generation of reactive oxygen species (ROS) and subsequent lipid peroxidation and DNA damage (Gewirtz, 1999) . Our laboratory has been particularly interested in the metabolism of doxorubicin via reductive pathways that can lead to the generation of the semiquinone radical and ROS.
A simplified scheme showing only the relevant aspects of doxorubicin metabolism is presented in Fig. 1 . The major doxorubicin metabolite in humans is doxorubicinol, produced via cytosolic carbonyl reductase-catalyzed reduction of the ketone at C-13 of the parent drug. Our main enzyme of interest has been NADPH:cytochrome P450 reductase (P450R). This flavoprotein catalyzes the oneelectron reduction of doxorubicin to the semiquinone radical, which can be directly cytotoxic in hypoxic environments via covalent modification of cellular macromolecules. Under aerobic conditions, the semiquinone radical undergoes redox cycling leading to the generation of ROS including superoxide anion, hydrogen peroxide, and hydroxyl radical. This oxidative stress mechanism is a contributor to doxorubicin's ability to cause cell death, and this aspect seems to be particularly important in the dose-limiting cardiotoxicity associated with this and other anthracyclines. Interestingly, P450R also plays a role in a doxorubicin detoxification pathway involving reductive deglycosylation to a 7-deoxyaglycone metabolite (Niitsu et al., 2000) .
One of our areas of interest has been the effect of doxorubicin on the hepatic P450 and P450R biotransformation system. Treatment of FIG. 1 . Selected aspects of doxorubicin biotransformation. The major pathway of doxorubicin (Dox) metabolism in humans is conversion to doxorubicinol catalyzed by carbonyl reductase (CBR). P450R contributes to the detoxification of doxorubicin by catalyzing the reductive deglycosylation to a 7-deoxyaglycone metabolite. In addition, P450R catalyzes the NADPH-dependent one-electron reduction of doxorubicin to the reactive and cytotoxic semiquinone radical (SQ). This radical can react with oxygen to initiate redox cycling and ROS production.
rodents with doxorubicin results in lowered hepatic P450 content and decreases in a variety of P450-catalyzed enzyme activities (Marchand and Renton, 1981) . This response has traditionally been attributed to a combination of direct inhibition of P450 enzymes by doxorubicin and/or its metabolites and destruction of P450 heme via redox cycling and lipid peroxidation (Mimnaugh et al., 1981) . The observations that both P450R and specific rodent P450 enzymes (e.g., rat CYP2B1) can catalyze the one-electron reduction of doxorubicin to the semiquinone radical (Goeptar et al., 1993) and that doxorubicin-derived species bind covalently to hepatic microsomal protein suggested that this antineoplastic agent may function as a mechanism-based inactivator of P450 and/or P450R.
We asked the following research question: does doxorubicin function as a mechanism-based inactivator of hepatic microsomal P450 and/or P450R under conditions in which lipid peroxidation is minimized (Di Re et al., 1999) ? We conducted a series of in vitro studies using hepatic microsomes prepared from untreated and phenobarbitaltreated male rats. Microsomes were incubated for 30 min at 37°C in the absence or presence of NADPH and a high, but pharmacologically relevant, concentration (10 M) of doxorubicin. Inclusion of 1.5 mM EDTA, an iron chelator, in the incubation buffer minimized doxorubicin-stimulated, NADPH-dependent lipid peroxidation. In contrast, carbon tetrachloride caused significant stimulation of NADPH-dependent lipid peroxidation under these conditions. Doxorubicin did not cause NADPH-dependent loss of microsomal P450 or heme content, whereas these parameters were decreased markedly by the positive control 1-aminobenzotriazole, a heme-destructive mechanism-based inactivator of several P450s. Neither doxorubicin nor 1-aminobenzotriazole caused NADPH-dependent loss of P450R catalytic activity, assessed as the rate of cytochrome c reduction under aerobic conditions. Using the regio-and stereoselective hydroxylation of androstenedione as a probe for the catalytic activity of multiple rat hepatic P450s, we found that 1-aminobenzotriazole caused pronounced NADPH-dependent loss of CYP2A, CYP2B, CYP2C11, and CYP3A function; doxorubicin had no effect on these marker activities. Neither doxorubicin nor 1-aminobenzotriazole altered the levels of immunoreactive protein of CYP2B, CYP2C11, CYP3A, and P450R. The results of this investigation (Di Re et al., 1999) demonstrated that doxorubicin does not cause direct mechanism-based inactivation of hepatic P450 or P450R. Future studies in this area should address whether the observed in vivo effects of doxorubicin on the hepatic P450 system are due to 1) heme destruction via lipid peroxidation, or 2) modulation of the expression of genes encoding specific P450 enzymes. Our earlier work with antimetabolites (Afsar et al., 1996; Cheung et al., 1996) examined the ability of cancer chemotherapeutic agents to alter the expression of hepatic P450 genes following in vivo administration to rats.
Another area of interest in our laboratory has been the reductive bioactivation of doxorubicin and subsequent redox cycling under aerobic conditions and whether these events can be manipulated to make human cancer cells more sensitive to cytotoxicity. We first asked the following research question: does human P450R catalyze the reductive bioactivation of doxorubicin (Ramji et al., 2003) ? Doxorubicin reduction was measured indirectly under aerobic conditions as the rate of doxorubicin-stimulated microsomal oxidation of NADPH, a validated surrogate indicator for conversion of doxorubicin to its semiquinone radical (Goeptar et al., 1993) . As the first component of our reaction phenotyping studies, we showed that heterologously expressed human P450R displayed 17-fold higher P450R catalytic activity and 11-fold higher doxorubicin reduction activity compared to vector transfectants. In a panel of 17 human liver microsome samples, we found that doxorubicin reduction activity correlated significantly with both P450R catalytic activity and P450R immunoreactivity. Diphenyliodonium chloride, a mechanism-based inactivator of P450R, inhibited P450R catalytic activity and doxorubicin reduction in human liver microsomes with similar concentration dependence. Finally, we also used carbon monoxide as a universal P450 inhibitor to examine the role of P450 enzymes in microsomal doxorubicin reduction (Table 1) . As expected, carbon monoxide did not inhibit P450R activity in rat and human liver microsomes. Consistent with earlier findings (Goeptar et al., 1993) , carbon monoxide caused significant inhibition of doxorubicin reduction in rat liver microsomes. In human liver microsomes, carbon monoxide did not inhibit, but apparently stimulated, doxorubicin reduction. Although this finding suggests that P450s may play a more important role in doxorubicin reduction in rat liver than in human liver, understanding the mechanistic basis for the apparent stimulation of doxorubicin reduction activity by carbon monoxide in human liver microsomes will require further investigation. Overall, the results of this investigation (Ramji et al., 2003) demonstrate that human P450R is an important contributor to the reductive biotransformation of doxorubicin.
Carrying on from this finding, we then asked the following research question: does enhanced P450R expression sensitize human breast cancer cells to the cytotoxic effects of doxorubicin (Ramji et al., 2003) ? Our initial cell model consisted of a series of stably transfected clones of MDA231 human breast cancer cells overexpressing human P450R immunoreactive protein and catalytic activity . Elevated P450R expression was associated with enhanced sensitivity to the aerobic cytotoxicity of tirapazamine, a bioreductive prodrug known to be activated by P450R. However, the MDA231 transfectants overexpressing P450R were not sensitized to the aerobic cytotoxicity of doxorubicin (Ramji et al., 2003) .
As a second cell model, we turned to the wild-type estrogen receptor-positive human breast cancer cell line MCF-7/WT. We also obtained from Dr. Gerald Batist (Sir Mortimer B. Davis-Jewish General Hospital, Montreal, QC, Canada) a derived doxorubicin-resistant cell line known to overexpress P-glycoprotein (Cowan et al., 1986) . This cell line was named MCF-7/ADR in the original literature (Cowan et al., 1986) and in our earlier publication (Wang et al., 1999) ; however, DNA fingerprinting data prompted a change in the designation of this cell line to NCI/ADR-RES (Scudiero et al., 1998) . In our hands, this cell line is about 30-to 65-fold more resistant to doxorubicin cytotoxicity than the MCF-7/WT cells and shows pronounced overexpression of glutathione S-transferase (GST) P1 mRNA, protein, and catalytic activity (Wang et al., 1999) . Elevated GST expression is commonly associated with doxorubicin resistance (Beaumont et al., 1998) . We obtained a full-length human P450R cDNA from Dr. Frank Gonzalez (National Cancer Institute, Bethesda, MD), subcloned it into the pcDNA3.1(ϩ) mammalian expression vector, and then selected geneticin-resistant stably transfected clones of MCF-7/WT and NCI/ ADR-RES cells overexpressing microsomal P450R protein and catalytic activity. As shown in Fig. 2 , we obtained MCF-7/WT transfectants with 3-fold and 1.7-fold elevations in microsomal P450R catalytic activity compared to vector-transfected cells. Overexpression of P450R protein was detectable by immunoblot. We also obtained NCI/ADR-RES transfectants with 9-fold and 1.5-fold elevations in microsomal P450R catalytic activity, and overexpression of P450R protein was detectable by immunoblot, particularly in the NCI/ADR-RES/P450R-9 line (Fig. 2) . Similar to our results with the MDA231 cells with marked P450R overexpression (Ramji et al., 2003) , a more modest elevation of human P450R expression also did not enhance the aerobic cytotoxicity of doxorubicin in MCF-7/WT and NCI/ADR-RES transfectants (Fig. 3) .
Taken together, we conclude that although human P450R catalyzes doxorubicin reduction, overexpression of this enzyme does not confer enhanced sensitivity of human breast cancer cells to the aerobic cytotoxicity of doxorubicin. Future studies in this area should address the following issues: 1) P450R-mediated doxorubicin reduction under anaerobic conditions, 2) doxorubicin sensitivity of breast cancer cells overexpressing P450R under hypoxic conditions, and 3) the relative importance of the doxorubicin free radical mechanism and topoisomerase II inhibition in normal and tumor cells with different proliferative states.
Bioreductive Prodrugs: Routes of Activation and
Potential Application in Gene Therapy (E.C.C., R.L.C., K.J.W., A.V.P., I.J.S.)
Regions of hypoxia are present in the majority of solid primary and secondary human tumors (Vaupel et al., 2001 ). Chronic hypoxia results because of rapid tumor growth before an adequate blood supply can be recruited such that tumor cells lie beyond the diffusion distance of oxygen from a functioning blood vessel. Once established, tumor vasculature is also poorly organized, exhibiting convoluted vessels prone to temporary occlusion, giving rise to acute hypoxia. The level of hypoxia in tumors is of clinical significance since hypoxic cells show resistance to cancer chemo-and radiotherapy, and hypoxic tumors are predisposed to a more malignant phenotype (Brizel et al., 1996) . Therefore, researchers have endeavored to circumvent the therapeutic resistance induced by hypoxia and to exploit it as a tumor-specific physiological abnormality. To this end, chemotherapy drugs that are preferentially toxic to hypoxic cells (bioreductive drugs) have been developed and, more recently, this has been combined with hypoxia-selective gene therapy strategies.
Four main classes of bioreductive prodrugs have been developed for use in cancer treatment and diagnosis and are at varying stages of preclinical and clinical development . The prototype bioreductive drug is mitomycin C, which is a quinone. This drug class also comprises E09 (3-hydroxymethyl-5-aziridin-1-ylmethyl-2[1H-indole-4,7-dione]prop-2-en-1-ol). The aromatic and heterocyclic nitro compounds include RSU1069 (1-[3-aziridinyl-2-hydroxypropyl]-2-nitroimidazole) and CB1954 (5-[aziridin-1-yl]-2,4-dinitrobenzamide) and the hypoxic marker pimonidazole. The third class, the aliphatic N-oxides, is exemplified by AQ4N (1,4-bis-{[2-(dimethylamino-N-oxide)ethyl]amino}5,8-dihydroxyanthracene-9,10-dione), and the fourth class is the benzotriazine di-N-oxides that include the lead bioreductive drug, tirapazamine.
The principle of bioreductive drug activation is that in the reductive environment created by hypoxia, endogenous reductases will transfer electrons to a nontoxic prodrug to generate a reduced cytotoxic metabolite. Hence, this provides for differential killing in hypoxic tumors versus normal tissues. Several factors will determine the therapeutic index and potency of bioreductive drugs. The electron affinity of the prodrug will determine the oxygen concentration requirements for activation and the ease with which it is reduced. Furthermore, reduction is mediated by intracellular reductases. Of the large complement of endogenous reductases, both oxygen-dependent and -independent reductases have been shown to be able to activate bioreductive drugs. These include the oxygen-independent enzyme DT-diaphorase or NAD(P)H:quinone oxidoreductase 1 (NQO1) and the oxygen-dependent enzymes P450, P450R, xanthine oxidase, cytochrome b 5 reductase, and nitric-oxide synthase (NOS).
Tumor levels of each of these enzymes can govern their sensitivity to bioreductive drug treatment. Therefore, knowledge needs to be gained to determine which are the key enzymes involved in the activation of each of the different bioreductive drugs and what is their substrate specificity. When combined with an assessment of the hypoxic fraction in tumor biopsies, this could enable tumors that are likely to respond to a class/subclass of bioreductive drug to be identified, paving the way for tailored individualized treatment regimens. It will also enable rational drug design to be used in the synthesis of second-generation bioreductive drugs. Potential strategies include selecting against oxygen-independent reduction and/or targeting toward activation by a particular cellular reductase up-regulated in tumor cells or one that can be easily delivered in a gene therapy.
We have focused on identifying the key route of bioactivation for tirapazamine. Tirapazamine exhibits a high specificity for hypoxic cells over a broad oxygen concentration range at clinically relevant partial oxygen pressures. This hypoxic selectivity results from tirapazamine being a prodrug that is bioactivated in hypoxic conditions via one-electron reduction to a highly reactive free radical intermediate. The fate of this tirapazamine free radical is dependent upon the level of oxygen. In hypoxia, it has been postulated that the free radical spontaneously decays, generating hydroxyl radical that abstracts hydrogen from DNA causing single-and double-strand breaks with the concomitant production of the nontoxic two-electron metabolite SR4317 (3-amino-1,2,4-benzotrizine-1-N-oxide) (Siim et al., 2004) . However, oxygen inhibits the metabolic activation of tirapazamine and the free radical species undergoes rapid back oxidation to the prodrug (futile cycling), with the release of the less toxic superoxide anion species that can be deactivated by cellular defense mechanisms (Fig. 4) (Siim et al., 2004) . Preclinical studies have demonstrated that tirapazamine can significantly enhance the antitumor effect of radiotherapy and chemotherapy, in particular, platinum-based drugs and taxanes, in both murine and human xenograft models. These encouraging data have initiated phase I, II, and III clinical trials with tirapazamine in combination with cisplatin or radiotherapy (reviewed in Brown and Wilson, 2004) .
We have evaluated the relative importance of the oxygen-dependent, one-electron reductases, P450R and inducible NOS (iNOS, NOSII) in the activation of tirapazamine. Unlike P450R, a high incidence of tumor NOSII expression has been reported in many clinical studies in which the level of expression has been shown to correlate with tumor grade (Thomsen and Miles, 1998) . In addition, the presence of a hypoxia-response element (HRE) within the NOSII promoter (Melillo et al., 1995) suggests that its expression may be markedly increased within the hypoxic regions of tumors. Hence, NOSII presents an attractive target for bioreductive drug design. NOSII functions as a dimer with two distinct catalytic domains, an oxidative and a reductive domain, that bioactivate a broad repertoire of established and novel chemotherapeutic prodrugs. The reductase domain shares a high degree of sequence homology with P450R (Fig.  5A) . However, these two enzymes differ in their subcellular localization because P450R resides in the endoplasmic reticulum and NOSII is cytoplasmic (Fig. 5B) .
Early studies by Patterson et al. (1995) identified P450R as a key player in tirapazamine bioactivation. This evidence came from studying the in vitro sensitivity of breast tumor cell lines to tirapazamine that exhibited an inherent 6-fold range in P450R activity. Using short exposures (3 h) to tirapazamine, the level of P450R correlated strongly with the extent of tirapazamine toxicity in hypoxic conditions. However, aerobic sensitivity was also measured following both short-term (3 h) and prolonged (96 h) exposures to tirapazamine and was also shown to be dependent on P450R activity.
In an MDA231 human breast cell line background, we have directly compared tirapazamine toxicity following genetic engineering to constitutively overexpress P450R or NOSII (Chinje et al., 2003) . For the P450R clones, elevation in P450R activity ranged from 5.6-to 53-fold above the endogenous level measured in parental and vector control MDA231 cells. Similarly in the NOSII-overexpressing clones, NOSII reductase (NOSR) activity increased by 2-to 6-fold.
The dependence of the IC 50 for tirapazamine on either P450R or NOSR activity was determined using a short (3-h) drug exposure in aerobic and hypoxic MDA231 clonal tumor cells overexpressing P450R or NOSII (Fig. 6) . Under hypoxic conditions, there was a highly significant relationship between the IC 50 for tirapazamine and both P450R activity and NOSR activity. Clones with increased reductase activity were more sensitive than parental and vector control cells. However, elevation of P450R also sensitized the cells to tirapazamine in aerobic conditions. This is in contrast to the IC 50 data obtained for the NOSII-expressing clones, where the intracellular activity of NOSR predicted for cytotoxicity specifically under hypoxic, but not aerobic, exposure conditions (Fig. 6) .
In an earlier study (Garner et al., 1999) , we compared the kinetic parameters of tirapazamine metabolism under hypoxic conditions in a cell-free system. Using purified recombinant mouse NOSII, kinetic analysis revealed that its K m was significantly lower than that for P450R (Fitzsimmons et al., 1994) [K m ϭ 283 M (NOSII) and 1260 M (P450R)]. This finding suggests that NOSII may have a greater affinity for tirapazamine than P450R has. The k cat for SR4317 formation was also marginally lower compared to that for P450R [k cat ϭ 1.9 s Ϫ1 (NOSII) and 6.34 s Ϫ1 (P450R)]. Thus, NOSII, like P450R, is able to carry out the one-electron reduction of tirapazamine to toxic products.
From this work, it is clear that both P450R and NOSII are important enzymes for the reductive activation of tirapazamine. Data on levels of P450R in tumors versus normal tissue vary; if anything, P450R expression tends to be lower in tumors (Forkert et al., 1996) . In contrast, tumor NOSII levels are elevated compared to that measured in normal tissue. Furthermore, our data suggest that nontumor NOSII expression in aerobic tissues would be of little consequence because cytotoxicity is restricted by the presence of oxygen.
We hypothesized that if P450R is to be used to sensitize tumor cells to bioreductive drugs such as tirapazamine, a gene therapy must be used to overexpress its activity. However, overexpression of exogenous P450R in a gene therapy approach, unlike high endogenous levels, would potentiate drug toxicity not only in hypoxic conditions but also in aerobic conditions, increasing the potential for healthy tissue toxicity. Consequently, tumor-specific overexpression of P450R will be required. We therefore have developed a hypoxiaselective gene therapy in which the expression of P450R and tirapazamine drug toxicity are dependent upon hypoxia, simultaneously increasing the therapeutic index of the bioreductive chemotherapy without increasing systemic toxicity (Fig. 7) (Cowen et al., 2004) . This dual hypoxic specificity is achieved by incorporation of a hypoxia-responsive promoter (Dachs et al., 1997) into the P450R expression cassette. HREs within the promoter bind the transcription factor hypoxia-inducible factor (HIF)-1, resulting in the transcriptional activation of the reductase gene alongside the endogenous up-regulation of HIF target genes under hypoxic conditions. A comparison of hypoxia-responsive promoter function within the tumor microenvironment and in normal healthy tissues has shown good tumor specificity and a considerable reduction in nonspecific expression in physiologically normal tissue compared to strong viral promoters routinely used in gene therapy (Binley et al., 2003) .
To deliver the hypoxia-responsive cassette to the hypoxic tumor fraction, the innate ability of adenovirus to infect dividing and quiescent human tumor cells has been used. We have engineered a replication-defective adenoviral vector Ad LDH HRE P450R, encoding for P450R with expression driven from a hypoxia-responsive promoter containing HREs from lactate dehydrogenase A (LDH). We evaluated this viral-mediated hypoxia-targeted gene therapy in the human HT1080 fibrosarcoma tumor model that is resistant to tirapazamine when given as a single agent or in combination with radiotherapy (Siim et al., 1997) .
Monolayer cultures were efficiently transfected with Ad LDH HRE P450R virus, resulting in increased P450R activity when infected cells were cultured in low oxygen conditions (40-fold higher than infected aerobic tumor cells). Consistent with the MDA231 stable cell line work, the rise in P450R level in HT1080 cells directly correlated with an increase in sensitivity to tirapazamine. At the highest viral dose of Ad LDH HRE P450R, the hypoxic toxicity of tirapazamine was 400-fold higher compared to untransduced aerobic HT1080 tumor cells. Ad LDH HRE P450R was then administered to established HT1080 tumors by intratumoral injection. Immunohistochemical analysis of transduced tumors 2 days after viral injection showed that the virus could disseminate throughout the tumor and into hypoxic tumor regions. This resulted in the overexpression of P450R colocalizing with the hypoxic marker pimonidazole. Having established that our viral-mediated gene therapy results in the focal elevation of P450R specifically at the site of bioreductive drug action, we evaluated its impact on the tumor response to tirapazamine either alone or in combination with radiotherapy (Fig. 8) . As expected, HT1080 tumors are refractory to single-agent tirapazamine treatment (50 mg/kg) and, as a fast growing tumor model, reach 4 times treatment size (RTV4) by day 9 after treatment. Viral gene therapy had no effect on tumor growth and did not enhance tumor response to tirapazamine alone. A delay in HT1080 tumor growth results following 10-Gy radiotherapy (RTV4 at day 32 Ϯ 4), and in concordance with other studies (Siim et al., 1997) , administration of tirapazamine immediately after 10-Gy radiation does not significantly enhance this response (RTV4 at day 36 Ϯ 6). However, when Ad LDH HRE P450R is used to presensitize tumors to the combined tirapazamine and 10-Gy radiation treatment, 85% of tumors completely regressed and were tumor-free 90 days after therapy (Fig. 8) .
In conclusion, hypoxia-selective enzyme prodrug therapy has great promise in cancer treatment. By selectively targeting hypoxic tumor cells that are resistant to radiation and some forms of chemotherapy, it has the ability to enhance treatment efficacy. The validity of this approach has been proven using an adenovirus that expresses P450R specifically under hypoxic conditions. As a consequence, hypoxic cells are sensitized to the cytotoxic effects of the bioreductive agent and, when combined with radiotherapy, yields a curative regimen. Both P450R and NOSII are clearly important enzymes for the reductive activation of tirapazamine and a number of other bioreductive drugs (Garner et al., 1999; Patterson et al., 2002; Chinje et al., 2003; Cowen et al., 2003; McCarthy et al., 2003) . Another issue that has been demonstrated is that NOS itself may be important for consideration in the individualization of bioreductive drug treatment that could be achieved together with a measure of hypoxia.
Role of Glutathione Conjugation and Conjugate Efflux in Cellular Resistance to Alkylating Agents and Other Reactive Electrophiles (C.S.M., A.J.T.)
Chemotherapy with cytotoxic antitumor drugs remains an essential component in the treatment of cancers. This is particularly true for the treatment of disseminated and recurrent cancers but also for the FIG. 6 . Dependence of the IC 50 of tirapazamine in MDA231 wild-type and transfected clones on the activity of P450R (A) and NOSR (B). Drug exposures were for 3 h in air (E) or hypoxia (F). Values of IC 50 were determined using the MTT assay.
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at ASPET Journals on November 10, 2017 dmd.aspetjournals.org treatment, as an adjuvant to surgery or radiation, of cancers with a high risk of recurrence. The emergence of acquired or de novo resistance of tumor cells to the cytotoxicities of cancer drugs is a major obstacle to effective therapy. Hence, an understanding of the cellular factors that determine, or are associated with, anticancer drug resistance and the mechanisms by which these factors mediate drug resistance has the potential to identify patients at particular risk of treatment failure and to suggest the application of alternative strategies to reverse or circumvent cancer drug resistance (Moscow et al., 2003) .
At the cellular level, numerous mechanisms for drug resistance have been described, including reduced drug accumulation due to decreased uptake or increased efflux, reduced drug activation or increased drug inactivation, altered drug targets, increased repair of drug damage, and altered apoptotic thresholds (Moscow et al., 2003) . This laboratory has been particularly interested in the early, or proximal cellular processes involved in drug detoxification and the emergence of drug resistance; namely, the so-called phase II and phase III detoxification pathways (Ishikawa, 1992) . In phase II detoxification, chemically reactive cytotoxic drugs are rendered less reactive and, hence, generally less toxic, often via conjugation with reduced glutathione (GSH), glucuronide, or sulfate. Whereas the conjugations of reactive nucleophilic toxins to glucuronide or sulfate are invariably enzyme-dependent, conjugations of reactive electrophiles to the thiol of GSH may often proceed nonenzymatically as well as in GSTcatalyzed reactions (Hayes and Pulford, 1995) . Phase III detoxification involves the energy-dependent, transporter-mediated efflux of drugs or drug-conjugates from the cell. An important feature of phase II and III detoxification pathways is that they serve not only as the basis for cellular resistance to cytotoxic drugs but also as a means to inactivate a variety of other xeno-and endobiotic compounds including carcinogens, mutagens, and bioactive fatty acid derivatives. Thus, knowledge of the components and substrate specificities of the phase II and III processes offers the opportunity to understand and influence cancer drug sensitivity, carcinogen detoxification, and lipid signaling.
It has been long recognized that GSTs catalyze the conjugation with GSH of a number of electrophilic cancer drugs and carcinogens (Hayes and Pulford, 1995) . However, the relationship between increased cellular levels of GST and drug resistance has been, at best, inconsistent. Indeed, work in our laboratory and others using transgenic expression of GST isozymes showed that enforced overexpression of GST conferred little, if any, resistance to a variety of cancer drugs, including drugs known to be substrates of the particular GST isozyme expressed. When in 1994 it was recognized that multidrug resistance-associated protein 1 (MRP1) was a GSH-conjugate (GS-X) efflux transporter (Jedlitschky et al., 1994) , we hypothesized that FIG. 7 . Schematic representation of the oxygen-dependent GDEPT strategy. Dual specificity is achieved using a hypoxia-regulated promoter to drive expression of the activating enzyme P450R combined with a hypoxia-selective cytotoxic prodrug.
FIG. 8. Kaplan-Meier plot depicting the in vivo response of HT1080 tumors to a hypoxia-selective GDEPT strategy combined with radiation. The time taken to reach RTV4 is shown for treatment with saline (dotted line), 10-Gy radiation (gray dashed line), tirapazamine (TPZ) plus 10-Gy radiation (black dashed line), Ad LDH HRE P450R plus 10-Gy radiation (white solid line), and Ad LDH HRE P450R plus TPZ plus 10-Gy radiation (black solid line).
effective GST-mediated detoxification of cancer drugs may require the concomitant expression of the GS-X efflux pump to remove the drug-conjugates formed. MRP1 (ABCC1) is a member of a multigene family of ATP-binding cassette (ABC) transmembrane proteins that mediate energy-dependent efflux of various substrates . In addition to their roles in transport of GS-X, MRP1 and the related isoform, MRP2, are intimately involved in GSH homeostasis: they transport both oxidized glutathione and GSH. Moreover, for the transport of some MRP1/2 substrates, GSH cotransport is required. For many substrates, GSH augments transport presumably by effecting conformational changes in MRP1/2 . Because our model MCF-7 cell lines, in which GSTs were transgenically overexpressed, lacked MRP1 expression, this hypothesis would explain the failure to observe GST-mediated drug resistance in these cell lines. Indeed, subsequent work in our laboratory has confirmed that various isozymes of cytosolic GST can operate in combination with MRP1 to confer resistance to toxic electrophiles including the anticancer drug chlorambucil, the model carcinogen 4-nitroquinoline 1-oxide (NQO), and other cellular toxins (Morrow et al., 1998a,b; Paumi et al., 2001) . In many cases, MRP and GST acted synergistically in that overexpression of MRP or GST alone had little effect on cellular sensitivity to the toxins, whereas combined expression of MRP and GST conferred relatively high-level resistance (Morrow et al., 1998a,b) .
As additional MRP isoforms have been characterized, it has become apparent that several others including MRP2 (ABCC2), MRP3 (ABCC3), and MRP7 (ABCC10) also support GS-X efflux, albeit with variable substrate specificities and transport efficiencies . Accordingly, we have examined alternative MRP isoforms and have shown that they also can act together with GSH/ GST conjugations to confer resistance to chlorambucil (GSTA1-1 ϩ MRP1 or MRP2), NQO (GSTP1-1 ϩ MRP1 or MRP2), and the electrophilic prostaglandin, 15-deoxy -⌬ 12,14 -prostaglandin J 2 (15-d-PGJ 2 ) (nonenzymatic GSH conjugation ϩ MRP1 or MRP3) (Morrow et al., 2000; Paumi et al., 2003; Smitherman et al., 2004) .
MRP and Chlorambucil. Work from our laboratory showed that combined expression of GSTA1-1 and MRP1 confers resistance to the alkylating anticancer drug chlorambucil (Morrow et al., 1998b) . Remarkably, the expression of neither GSTA1-1 alone nor MRP1 alone had any effect on chlorambucil sensitivity. Subsequent studies demonstrated that MRP1 mediates efficient efflux of chlorambucil-SG (Paumi et al., 2001) . We observed that chlorambucil-SG was a potent product inhibitor of GSTA1-1 (K i ϭ 0.14 M). Thus, MRP1-mediated efflux of chlorambucil-SG is necessary for GSTA1-1-associated resistance to relieve product inhibition and allow sustained, detoxifying GSTA1-1 catalysis of chlorambucil-SG production (Paumi et al., 2001 ). More recently, we showed that MRP2 is also an effective transporter of chlorambucil-SG and that this transport supports GSTA1-1-mediated resistance to chlorambucil in HepG2 cells . These results establish the generality of MRP/GST resistance synergy for multiple isoforms of MRP. Moreover, differences in the plasma membrane localization of MRP1 and MRP2 have implications for the overall disposition of chlorambucil and other drugs that form GS-X. MRP1, ubiquitously expressed and localized on the basolateral surface of polarized cells, is important for secretion of chlorambucil-SG and other GS-Xs into the interstitial space and distribution into the general circulation. MRP2, uniquely expressed on the apical, secretory surface of tissues such as kidney tubular epithelium and hepatocyte canaliculi, is likely to play an important role in the overall detoxification and excretion of chlorambucil and other alkylating agents that can also form conjugates with GSH .
MRP and NQO.
NQO is a potent model carcinogen and cytotoxic electrophile. NQO is an excellent substrate of GSTP1-1, and we have shown that its glutathione conjugate, 4-S-glutathionyl quinoline 1-oxide (QO-SG) is efficiently transported by MRP1. Using MCF-7 and HepG2 model cell lines, we showed that MRP1 and MRP2 act in synergy with GSTP1-1 to protect cells from the genotoxicity (DNA adduct formation) and cytotoxicity of NQO (Morrow et al., 1998a; Smitherman et al., 2004) . The data demonstrate that 1) MRP1 and MRP2 alone confer modest protection from NQO cytotoxicity; 2) MRP1 or MRP2 in combination with GSTP1-1 confers considerably more protection from cytotoxicity and genotoxicity than does MRP1 or MRP2 alone; and 3) expression of functional MRP1 or MRP2 is absolutely required for GSTP1-1-dependent protection from cytotoxicity. These results underscore the importance of both the phase II and phase III pathways of electrophile detoxification and suggest that the balance between GST/MRP-mediated protection from cytotoxicity versus carcinogenic genotoxicity has important implications for the outcome of carcinogenic exposure in a variety of cells and tissues.
Role of MRP in GS-X Detoxification. Our work has established the validity of the notion that combined actions of GSH/GST and MRP can cooperate to confer cellular resistance to some electrophilic toxins. An implicit concept resulting from these findings is that the formation of the GS-X is insufficient to fully detoxify the electrophile, suggesting that MRP-mediated efflux is required to alleviate a persistent, or acquired, direct or indirect toxicity of the GS-X. The toxicities of the parent electrophiles are believed to reside in their chemical reactivities with cellular nucleophiles. Formation of GS-X at the reactive, electrophilic centers would be expected to greatly attenuate their chemical reactivities and hence their toxicities. Thus, the need to remove GS-X is not immediately apparent. The conjugates may retain or acquire chemical reactivity or other biological activities. Alternatively, GS-X toxicity may be indirect. For example, GS-X may inhibit GST catalysis or other GSH-dependent processes, thereby limiting the ability of the cell to deal with other toxins. Lastly, the conjugation reaction may be reversible, as is well described in Michael addition reactions. In the latter case, formation of GS-X in the absence of MRP or other GS-X transporters will lead to accumulation of GS-X, a depot of conjugate that can regenerate the toxic parent electrophile by the reverse reaction.
Conjugate Accumulation. In several studies, we have shown that, in the absence of efficient MRP-dependent GS-X transporter activity, cells treated with electrophiles can accumulate extraordinarily high levels of the corresponding GS-X. Indeed, MRP-deficient cells treated with as little as 1 M NQO in the medium can accumulate Ն0.8 mM intracellular QO-SG (Morrow et al., 1998a (Morrow et al., , 2000 . Similarly, MRPdeficient cells treated with 1 M 1-chloro-2,4-dintrobenzene (CDNB) rapidly accumulated up to a 0.4 mM concentration of the corresponding conjugate, dinitrophenyl glutathione. For both compounds, CDNB and NQO, toxicity was correlated with intracellular accumulation of conjugate, and MRP-mediated protection was associated with efficient conjugate efflux and maintenance of low intracellular conjugate levels (Morrow et al., 1998a (Morrow et al., , 2000 . Although these studies did not directly address the mechanism of GS-X toxicity, they emphasize that, because conjugates can accumulate to such extreme (millimolar) levels in MRP-deficient cells, even conjugates of modest toxicity can have a profound effect on cell survival.
Product Inhibition of GST. Although GSTA1-1 is among the best catalysts of chlorambucil conjugation with GSH, expression of GSTA1-1 alone in MRP-deficient MCF-7 cells failed to confer resistance to chlorambucil (Morrow et al., 1998b; Smitherman et al., 2004) . Only when coexpressed with MRP1 or MRP2 did GSTA1-1 confer resistance to chlorambucil. To account for the requirement of MRP for chlorambucil resistance, we examined chlorambucil-SG transport and the effect of chlorambucil-SG on GST activity. Studies showed that chlorambucil-SG is transported very efficiently by MRP1 (K m ϭ 0.37 M). Kinetic analysis of enzyme inhibition revealed that chlorambucil-SG is a potent competitive inhibitor of GSTA1-1 (Paumi et al., 2001 ). Indeed, chlorambucil-SG inhibits GSTA1-1 with a K i of 0.14 M. From these results, we concluded that in the absence of MRP, chlorambucil-SG rapidly accumulates to levels that essentially completely inhibit further GSTA1-1 catalysis of chlorambucil conjugation. MRP is required to relieve this potent product inhibition, thereby maintaining GSTA1-1 catalysis of chlorambucil detoxification. It is remarkable that the K i of GSTA1-1 inhibition and the K m for MRP1-mediated transport are similar, indicating that the kinetic properties of MRP1 transport are well suited to eliminate chlorambucil-SG at pharmacologically relevant drug concentrations. These studies demonstrate how determinations of quantitative kinetic properties of phase II and phase III detoxification components can be used to predict and explain sensitivities of cells to electrophilic toxins.
Detoxification of the Electrophilic Fatty Acid, 15-d-PGJ 2 . The cyclopentenone prostaglandins are arachidonic acid metabolites that influence a variety of cellular processes including induction of apoptosis and inhibition of cell growth, induction of adipocyte differentiation, and inhibition of inflammatory signaling pathways (Kliewer et al., 1995; Shibata et al., 2002) . 15-d-PGJ 2 , a terminal product of prostaglandin D 2 metabolism, is among the most potent cyclopentenone prostaglandins. Its biological effects are mediated by both peroxisome proliferator-activated receptor ␥ (PPAR␥)-independent and -dependent mechanisms. Many PPAR␥-independent effects are believed to involve the formation of 15-d-PGJ 2 /protein adducts via reactions between protein thiols and the ␣,␤-unsaturated ketone on 15-d-PGJ 2 . Formation of these adducts inactivates or modifies the function of the target protein resulting in the observed biological effects.
15-d-PGJ 2 is also a ligand for the nuclear receptor, PPAR␥. Activation of PPAR␥ by binding of this ligand or others facilitates PPAR␥/retinoid X receptor heterodimer formation, recruitment of transcriptional coeffectors, and binding of the PPAR␥/retinoid X receptor complex to its PPAR-responsive elements (PPRE) (Chawla et al., 2001) . Consequently, ligand binding to PPAR␥ is associated with the altered expression of a variety of genes including those involved in adipocyte differentiation, cell proliferation, and lipid and glucose homeostasis (Hihi et al., 2002) . 15-d-PGJ 2 has attracted considerable attention because of its antitumor activities, including the ability to inhibit growth and induce apoptosis in several cancer cell lines.
With this background, we determined that 15-d-PGJ 2 forms a GS-X, 15-d-PGJ 2 -SG, efficiently but nonenzymatically under physiological conditions (Paumi et al., 2003 (Paumi et al., , 2004 ). Next we asked whether 15-d-PGJ 2 -SG was a substrate of MRP and, if so, whether GSH conjugation plus MRP-dependent conjugate efflux would attenuate the biological effects of exogenously added 15-d-PGJ 2 . Indeed, 15-d-PGJ 2 -SG was transported by MRP1 and MRP3. Moreover, expression of MRP1 or MRP3 conferred a 2-fold GSH-dependent resistance to 15-d-PGJ 2 cytotoxicity, as was demonstrated in GSH-replete and -depleted cells. Expression of these transporters obliterated 15-d-PGJ 2 activation of PPAR␥-dependent transcription of a PPRE-containing reporter gene. Although cytosolic GSTs were ineffective in catalysis of 15-d-PGJ 2 -SG formation, they bound both 15-d-PGJ 2 and 15-d-PGJ 2 -SG avidly and, in so doing, significantly inhibited 15-d-PGJ 2 transactivation of the PPAR-dependent PPRE-containing reporter gene (Paumi et al., 2004) .
These results established that GSH conjugation and MRP-mediated conjugate efflux can attenuate the cytotoxic and transcriptionactivating effects of the potent lipid electrophile, 15-d-PGJ 2 . The findings that MRP-mediated efflux of 15-d-PGJ 2 -SG is associated with reduced transcriptional activation and that cytosolic GST can attenuate transcriptional activation via noncatalytic sequestration of 15-d-PGJ 2 and 15-d-PGJ 2 -SG raised the intriguing possibility that the GS-X, 15-d-PGJ 2 -SG, like its parent compound, 15-d-PGJ 2 , was also a ligand of PPAR␥, a possibility supported by preliminary data from our laboratory. The concept that the GS-X of bioactive lipids may retain or acquire receptor-binding activity is likely to be relevant for other GS-Xs. In summary, work in this laboratory has examined how GSH and the processes of GSH conjugation and MRP-mediated efflux interact to influence the sensitivities of cells to anticancer drugs, carcinogens, and other cellular toxins. In particular, we have tested the hypothesis that GSTs, enzymes that catalyze the conjugation of electrophilic compounds with GSH, and MRP1-3, members of a family of ABC transporters that mediate GS-X efflux, act in synergy to confer resistance to electrophilic toxins. Indeed, we have shown that combined expression of isozymes of GST with isoforms of MRP confers resistance to the cytotoxicities and genotoxicities of some electrophilic cancer drugs and carcinogens. GSH conjugation generally renders these electrophiles less chemically reactive and hence less toxic. However, our results show the added benefit of MRP expression, findings that indicate that GSH conjugation is insufficient to completely detoxify these and many other electrophilic compounds. In the absence of efficient efflux, the GS-X of the electrophiles can accumulate to high levels. The requirement for MRP to fully potentiate GST-mediated resistance to these compounds suggests that their GS-Xs retain or acquire important biological activities. We have provided evidence that MRP-dependent GS-X efflux can potentiate GSH conjugation-mediated resistance by 1) relieving potent product inhibition of GST by some GS-X, and 2) removing GS-Xs that have measurable biological activities such as nuclear receptor ligandbinding properties. Several novel gene-based treatments for cancer have been introduced over the past few years. In one approach, genes encoding prodrug-activation enzymes are used as "suicide" genes to sensitize tumor cells to drugs that are otherwise not cytotoxic (Springer and Niculescu-Duvaz, 1996) . This strategy, referred to as GDEPT, confers on tumor cells the genetic capacity to activate a prodrug locally, within the tumor, and is designed to increase antitumor activity while minimizing toxic side effects to critical host tissues.
P450-Based
Several P450 prodrug-activating enzymes have been evaluated for GDEPT applications in cancer treatment . The sensitivity of tumors to cyclophosphamide and several other anticancer prodrugs can be dramatically increased by introduction of a P450 gene, which confers the capability to activate the anticancer prodrug directly within the tumor (Fig. 9 ) and is associated with a strong bystander cytotoxic effect. The efficacy of this P450 GDEPT strategy is manifest in a wide range of rodent and human tumor xenograft models and can be enhanced in several ways: 1) by coexpression of P450 with the flavoenzyme P450R, which substantially increases P450 metabolic activity; 2) by combination of cyclophosphamide with the P450/P450R-activated bioreductive drug tirapazamine; and 3) by the selective inhibition of liver prodrug activation using P450 inhibitors or antithyroid drugs, which suppress hepatic but not tumor cell P450R . Other studies have shown that P450 GDEPT can be facilitated by 1) localized, polymer-based delivery of the prodrug (Ichikawa et al., 2001) ; 2) using an antiangiogenic schedule of cyclophosphamide administration (Jounaidi and Waxman, 2001) ; and 3) combination with other prodrug activation gene therapies (Aghi et al., 1999) . Tumor-selective P450 gene delivery can be achieved in a variety of ways, including: 1) intratumoral injection of plasmid DNA, or retrovirus encoding P450 (Kan et al., 2001) ; 2) localized delivery of P450-expressing cells encapsulated in cellulose sulfate (Lohr et al., 2002) ; 3) use of human macrophages transduced with a hypoxia-regulated P450 cDNA (Griffiths et al., 2000) ; and 4) intratumoral delivery of conditionally replicating oncolytic herpes virus encoding P450 (Pawlik et al., 2002) . Tumor cell-replicating adenovirus may also be used to facilitate P450 gene expression, thereby enhancing the chemosensitivity of tumor cells that are relatively resistant to adenovirus infection. This has been exemplified in our recent studies using the E1b-55k-deleted adenovirus Onyx-017 as a helper virus, which substantially enhances tumorselective replication and tumor cell spread of Adeno-P450, a replication-defective human type 5 adenovirus that delivers CYP2B6 linked to P450R by an internal ribosome entry site sequence to tumor cells both in vitro and in vivo (Jounaidi and Waxman, 2004) . Together, these studies establish the potential of P450 GDEPT to enhance the efficacy of P450-activated anticancer prodrugs, including novel investigational agents (Lu and Waxman, 2005) , without increasing host toxicities associated with the systemic distribution of active drug metabolites formed by the liver.
Recent reports of phase I/II gene therapy trials using P450 provide strong support for the therapeutic potential of this GDEPT strategy. In one study, treatment of inoperable pancreatic carcinoma patients with ifosfamide in combination with encapsulated cells expressing CYP2B1 led to a 3-fold increase in 1-year survival (Lohr et al., 2003) . In a separate study in advanced breast cancer patients who failed to respond to all available treatments, retroviral delivery of CYP2B6 to surface nodules in combination with cyclophosphamide treatment elicited an apparent systemic antitumor response, as indicated by the marked improvement of lesions distal to the treatment site and by the induction of a specific antitumor antigen immune response that correlated with a 60% decline in circulating levels of the breast cancer marker CA-153 [personal communication from S. Kingsman (2002) and http://www.oxfordbiomedica.co.uk/metxia.htm]. This "systemic bystander effect" may be of great therapeutic value in treating disseminated metastatic disease.
P450-activated cyclophosphamide induces tumor cell death by a mechanism that involves mitochondrial transition stimulated by druginduced DNA damage (Fig. 10) . That, in turn, leads to activation of a caspase 9-dependent apoptotic pathway (Schwartz and Waxman, 2001) . The overall pathway of cyclophosphamide-induced cell death is blocked in tumor cells that overexpress the mitochondrial antiapoptotic factor Bcl-2, which inhibits the release of cytochrome c from mitochondria, thereby conferring drug resistance to cyclophosphamide-treated tumor cells. By contrast, when the caspase 9 pathway is blocked in P450-expressing tumor cells at a step that is downstream of the critical stage of mitochondrial transition/cytochrome c release, cyclophosphamide-induced cell death is delayed but, ultimately, is not blocked (Schwartz et al., 2002) . Thus, caspase activation is not a prerequisite for cyclophosphamide-induced tumor cell death. Proapoptotic factors, such as Bax, p53, and various caspases, stimulate tumor cells to undergo apoptosis, and are presently being explored in gene therapies designed to enhance tumor cell death. As discussed elsewhere (Waxman and Schwartz, 2003) , this strategy is not suitable for GDEPT, however, insofar as enhanced apoptosis of a tumor cell transduced with a prodrug-activating enzyme, such as P450, will decrease the net formation of active drug metabolites and thereby compromise the bystander effect that is so critical to the success of the overall GDEPT strategy. Recent studies demonstrate, however, that antiapoptotic factors can be combined with P450 GDEPT to prolong the longevity of prodrug-activating tumor cells. In particular, retroviral expression of the pan-caspase inhibitor p35 has been shown to substantially delay the death of P450-expressing tumor cells treated with cyclophosphamide, and thereby increases the bystander killing effect of the P450-activated prodrug. Importantly, the introduction of p35 delays, but does not completely block the ultimate death of the tumor cells (Schwartz et al., 2002) . Moreover, the introduction of p35 may enable tumor cells to undergo necrotic cell death instead of apoptotic death, potentially enhancing systemic (immune systembased) bystander activity (Waxman and Schwartz, 2003) . Inclusion of an antiapoptotic factor, such as p35, may facilitate the transmission of replicating adenovirus bearing P450 genes, in view of the role played FIG. 9 . Strategy for P450 GDEPT compared to conventional chemotherapy using cyclophosphamide (CPA). In conventional chemotherapy (A), CPA is primarily activated via liver P450 enzymes, which release the activated 4-hydroxy metabolite into the systemic circulation with associated host cell toxicity. In P450 GDEPT (B), a prodrug-activating P450 gene is delivered to the tumor cell using a suitable gene therapy vector, providing for localized, intratumoral prodrug activation and enhanced tumor cell kill.
by viral antiapoptotic factors, such as adenoviral E1b-19k, in increasing viral replication and spread.
P450-based GDEPT presents several important, practical advantages that may facilitate its incorporation into existing cancer treatment regimens . 1) P450 GDEPT may be considered as an adjuvant gene therapy that can be implemented in the clinic as an "add-on" to standard care regimens using established anticancer agents, such as cyclophosphamide. By contrast, the prodrugs used for most other cancer GDEPT protocols are investigational agents whose ultimate clinical utility for cancer remains untested. 2) P450 GDEPT can be carried out using human P450 enzymes, such as CYP2B6, an efficient catalyst of cyclophosphamide activation. 3) The active metabolites generated by P450-transduced tumor cells ("P450 factory cells") diffuse freely from cell to cell by nonfacilitated mechanisms, conferring a strong tumor cell-directed bystander effect that does not require cell-cell contact. 4) P450 prodrug substrates are diverse in their structure, mechanism of action, and optimal prodrugactivating P450 gene; they include both established and investigational anticancer prodrugs, as well as bioreductive drugs that can be activated by P450/P450R in a hypoxic tumor environment (Jounaidi and Waxman, 2000; McCarthy et al., 2003) . Finally, 5) replication of the oncolytic viral vectors used to deliver therapeutic genes is often strongly inhibited by activated nucleoside prodrugs (e.g., ganciclovir triphosphate) but not by P450-activated cyclophosphamide.
P450 GDEPT may enhance tumor cell killing by three distinct, but interrelated, "bystander" mechanisms (Fig. 11 ). These are: 1) a localized tumor cell bystander effect that results from diffusion (or gap junctional transfer) of the active drug metabolite to bystander tumor cells; 2) an endothelial cell bystander effect that derives from the intrinsic antiangiogenic potential that is associated with cyclophosphamide and certain other chemotherapeutic agents, which, in turn, leads to increased tumor cell kill (Fig. 11) ; and 3) a systemic bystander effect that involves a cell-mediated immune response that targets the drug-treated tumor cells and may extend the gene therapeutic effect to include distant, metastatic tumor cells. Antiangiogenic activity characterizes anticancer drugs that preferentially kill tumor-associated endothelial cells at low doses. This antiangiogenic potential is manifest in the case of cyclophosphamide when the drug is administered using a regularly repeating ("metronomic") schedule. This may involve either continuous, low-dose cyclophosphamide treatment or, alternatively, repeated cyclophosphamide treatment on a 6-day schedule (Browder et al., 2000; Man et al., 2002) . Both metronomic cyclophosphamide schedules eliminate the extended rest periods between treatments that characterize traditional maximum tolerated dose schedules. Under these conditions, tumor-associated endothelial cells do not have sufficient time to recover from cyclophosphamide-induced sublethal DNA damage and are, therefore, exquisitely sensitive to cyclophosphamide toxicity. Tumors transduced with P450 are especially sensitive to metronomic cyclophosphamide treatment, which can induce total, or near-total regression of even very large P450-containing tumors in a way that cannot be achieved with a more traditional schedule (Jounaidi and Waxman, 2001 ). However, the mechanism for this dramatic antitumor effect, including the potential that P450 GDEPT may contribute to the antiangiogenic action of cyclophosphamide through enhanced killing of tumor endothelial cells in close proximity to the P450-expressing tumor cells, is not known.
Concluding Remarks
This symposium summarized recent investigations into some of the important ways in which antineoplastic agents interact with drug-metabolizing enzymes and drug transporters. Each of the preceding sections has highlighted how we have arrived at the current state of knowledge in four distinct, but interrelated, areas of research concerning cancer chemotherapy and drug metabolism. The salient findings discussed in each section of the symposium can be summarized as follows. 1) Although P450R is an important catalyst of doxorubicin reduction, the hepatic P450/P450R system is not targeted for mechanism-based inactivation by this anthracycline, and P450R overexpression does not enhance the aerobic cytotoxicity of doxorubicin in human breast cancer cell lines. 2) By selectively targeting hypoxic tumor cells, hypoxiaselective GDEPT strategies with bioreductive prodrugs have great promise in enhancing cancer treatment efficacy. 3) GST-dependent conjugation of electrophiles with GSH and MRP-dependent conjugate efflux act in synergy to confer resistance to specific anticancer drugs, carcinogens, and other cellular toxins. 4) P450-based GDEPT strategies have the potential to enhance the efficacy of P450-activated anticancer drugs by augmenting the local intratumoral generation of cytotoxic metabolites while minimizing toxicities in critical host tissues.
The dominant unifying theme that emerged from this symposium is that drug metabolism and drug transport are key determinants of antineoplastic drug pharmacokinetics and pharmacodynamics, and these processes can be modulated and exploited in ways that offer therapeutic advantage. Enhanced understanding of antineoplastic drug metabolism and transport is contributing to our ability to circumvent tumor drug resistance and to enhance the safety and effectiveness of cancer therapy. The work presented in this symposium generates considerable optimism that basic research on drug metabolism and transport conducted in in vitro, cell culture, and animal models will have positive impacts on the pharmacological management of patients with cancer. FIG. 10 . Role of p35 in inhibiting apoptosis without blocking tumor cell death. DNA damage induced by P450-activated cyclophosphamide (CPA) leads to mitochondrial transition, release of cytochrome c, and activation of caspase 9 and downstream apoptotic events. The baculovirus protein p35 is a pan-caspase inhibitor that blocks caspase activity and the ensuing apoptotic response downstream of mitochondrial transition. The p35 protein acts in a manner that does not interrupt drug-induced loss of mitochondrial function, which ultimately leads to irreversible tumor cell death.
FIG. 11. P450 GDEPT stimulates antitumor responses to cyclophosphamide (CPA) by multiple, interrelated bystander killing mechanisms.
